Abstract. Hydroxypropyl methylcellulose (HPMC) tablets containing nicotine-magnesium aluminum silicate (NCT-MAS) complex particles and pH modifiers, namely, sodium chloride, citric acid, and magnesium hydroxide, were prepared using the direct compression method. The effects of HPMC viscosity grades and pH modifiers on NCT release and permeation of the matrix tablets were examined. The results showed that the higher the viscosity grade of HPMC that was used in the tablets, the lower was the unidirectional NCT release rate found. The unidirectional NCT permeation was not affected by the viscosity grade of HPMC because the NCT diffusion through the mucosal membrane was the rate-limiting step of the permeation. Incorporation of magnesium hydroxide could retard NCT release, whereas the enhancement of unidirectional NCT release was found in the tablets containing citric acid. Citric acid could inhibit NCT permeation due to the formation of protonated NCT in the swollen tablets at an acidic pH. Conversely, the NCT permeation rate increased with the use of magnesium hydroxide as a result of the neutral NCT that formed at a basic microenvironmental pH. The swollen HPMC tablets, with or without pH modifiers, gave sufficient adhesion to the mucosal membrane. Furthermore, the addition of magnesium hydroxide to the matrix tablets was the major factor in controlling buccal delivery of NCT. This study suggests that the NCT-MAS complex-loaded HPMC tablets, which contained magnesium hydroxide, are potential buccal delivery systems of NCT.
INTRODUCTION
Buccal drug administration provides several advantages when compared with oral drug administration. Buccal delivery allows drugs to avoid first-pass hepatic metabolism, resulting in greater bioavailability and facilitating drug withdrawal (1) . Traditionally, the drug delivery system of this route is in the form of tablets and films. The films have been widely employed, but a large proportion of the drug dose could be swallowed before drug absorption occurs across the buccal mucosa because of an initial burst release of the drug from the films (2) . To solve this problem, a sustained-release tablet was designed to help reduce this unwanted effect and extend the duration of drug action. Moreover, the mucoadhesive properties of the tablets were also important because adhesion of the drug delivery system to the buccal mucosa was essential during administration (3) . For this reason, tablet formulations of bioadhesive polymer were necessary to enhance the mucoadhesive property and sustain drug release. Hydroxypropyl methylcellulose (HPMC) has been widely used for this purpose (4) (5) (6) .
Nicotine (NCT), obtained from tobacco plants, is a volatile and strongly alkaline liquid. NCT is highly soluble in both water and hydrophobic solvents (7) . It has well-separated pK a values; the pK a1 and pK a2 are 3.04 and 7.84, respectively (8) , which leads to the formation of diprotonated, monoprotonated, and neutral NCT at acidic, neutral, and basic pH levels, respectively. NCT has been widely used in smoking cessation therapy for relieving withdrawal symptoms. It is a candidate for buccal delivery because of its low bioavailability after oral administration (7) and its ability to permeate buccal mucosa (8) (9) (10) . Due to the volatility and susceptibility to the oxidative degradation of free-base NCT, many researchers have sought an adsorbent material for NCT to prevent evaporation and improve stability. The adsorbents, such as cellulose powder (11) , cation exchange resin (12) , and magnesium aluminum silicate (13) , were employed to carry NCT in powdered form.
Magnesium aluminum silicate (MAS) is a mixture of montmorillonite and saponite clays (14) , both of which have silicate layer structures. Each layer comprises tetrahedrally coordinated silica atoms fused into an edge-shared octahedral plane, with either aluminum hydroxide or magnesium hydroxide (14, 15) . The silicate layers of MAS have weakly positively charged edges and negatively charged surfaces. The negatively charged surfaces of the silicate layers strongly interact with NCT at different pH levels (16) , leading to the formation of NCT-MAS complexes. This interaction allows NCT to intercalate into the silicate layers of MAS (13) . The NCT-MAS complex particles could improve the thermal stability of NCT and give a sustained release of NCT after the initial burst release in pH 6 phosphate buffer (13) . For these reasons, the NCT-MAS complex-loaded matrix tablets have been developed and evaluated (17) . The tablets containing the complexes prepared at basic pH gave remarkably higher NCT permeation rates than those containing the complexes prepared at acidic and neutral pH levels. This result indicated that the pH level during the preparation method of the complexes gave an NCT species that affected the mucosal delivery of NCT. Thus, modulating the microenvironmental pH of the tablets by adding pH modifiers may alter not only NCT release from the matrix tablets but also NCT permeation through the mucosal membrane. The use of an additive in the NCT buccal tablets to increase pH, such as magnesium hydroxide, has been developed (18) . Unfortunately, the effect the amount of pH-increasing agent has on NCT release and permeation characteristics of the matrix tablets is not available in the literature.
Therefore, the aim of this study was to investigate the effect of pH modifiers, namely, sodium chloride (neutral compound), citric acid (acidic compound), and magnesium hydroxide (basic compound), on NCT release and permeation of the matrix tablets containing NCT-MAS complexes prepared at basic pH. HPMC was used for this investigation because it is a nonionic bioadhesive polymer that cannot electrostatically interact with positively or negatively charged compounds in the tablets. Moreover, the effect of the viscosity grade of HPMC on the characteristics of the NCT-MAS complex-loaded matrix tablets was also examined. Additionally, unidirectional release and permeation of NCT using a cellulose acetate membrane and a porcine esophageal mucosa as model membranes, respectively, were investigated for simulating a condition of tablet administration on the mucosa surface. Based on the results of NCT release and permeation, the rate control of the NCT delivery was investigated for a better understanding of when to incorporate pH modifiers into HPMC matrix tablets.
MATERIALS AND METHODS

Materials
MAS (Veegum®HV) and NCT were obtained from R.T. Vanderbilt Company, Inc. (Norwalk, CT, USA) and Fluka (Buchs, Switzerland), respectively. Hydroxypropyl methylcellulose, of viscosity grades of 10-20 cP (low viscosity, LV-HPMC) and 40-60 cP (medium viscosity, MV-HPMC), was purchased from Onimax Co., Ltd. (Bangkok, Thailand). Highviscosity grade HPMC (HV-HPMC), 80-120 cP, was obtained from S.M. Chemical Supplies Co., Ltd. (Bangkok, Thailand). Sodium chloride, citric acid monohydrate, and magnesium hydroxide were purchased from Merck Ltd. (Bangkok, Thailand). Magnesium stearate (Mallinckrodt Inc., St Louis, MO) was used as a lubricant for tableting. All other reagents that were used were of analytical grade and were used as received.
Preparation of NCT-MAS Complexes
A 4% (w/v) MAS suspension was prepared using hot water and was cooled to room temperature before use. An NCT solution (2%, w/v) was prepared using deionized water as the solvent. Fifty milliliters of the 4% (w/v) MAS suspension was then mixed with 50 ml of the 2% (w/v) NCT solution in an Erlenmeyer flask. The pH of the NCT-MAS dispersion was adjusted by adding small amounts of 1 M HCl into the flask while swirling until the final pH of the dispersions was at 9, as measured with a pH meter (WalkLAB TI9000, Singapore). To achieve NCT adsorption equilibrium on MAS, the dispersions were then incubated with shaking at 37°C for 24 h (16) . Following incubation, the NCT-MAS complexes were collected by filtration, washed twice using 20 ml of deionized water, and dried at 50°C for 24 h. The dry NCT-MAS complexes were ground using a mortar and pestle, sieved through a 180-μm sieve, and stored in a desiccator.
Characterization of the NCT-MAS Complexes
Determination of NCT Content
Twenty-five milligrams of the NCT-MAS complexes were weighed and dispersed in 100 ml of 2 M HCl for 12 h. The supernatant was then collected and filtered and the NCT content analyzed using a UV-Visible spectrophotometer (Shimadzu UV1201, Kyoto, Japan) at a wavelength of 259 nm.
Particle Size Determination
The particle sizes of the NCT-MAS complexes were measured using a laser diffraction particle size analyzer (Mastersizer2000 model Hydro2000SM, Malvern Instrument Ltd., UK). The samples were dispersed in 70 ml of pH 6 phosphate buffer in a small volume sample dispersion unit and stirred at a rate of 50 Hz for 30 s before the measurement. The particle sizes (volume-weighted mean diameter) were reported.
Characterization of HPMC
Particle Size Determination
The particle sizes of HPMC powder with different viscosity grades were determined using a laser diffraction particle size analyzer (Mastersizer2000 model Scirocco2000SM, Malvern Instrument Ltd.). The particle sizes (volume-weighted mean diameter) were presented.
Measurement of Viscosity
HPMC dispersions at a concentration of 2% (w/v) in distilled water were prepared. The viscosity of the HPMC dispersion was investigated using a small sample adapter for the Brookfield digital rheometer (model DV-III, Brookfield Engineering Labs. Inc., USA). The sample temperature was controlled at 32 ± 1°C. A rheogram of the samples was obtained by plotting between shear stress (y-axis) and shear rate (x-axis) at various revolution rates when a spindle (no. 34) was used. The slope of the rheogram was calculated as the viscosity of the dispersion.
Preparation of NCT-MAS Complex-Loaded HPMC Tablets
All tablets were produced using the direct compression method. Each tablet consisted of 120 mg NCT-MAS complexes (equivalent to 15.8 mg of NCT) and 80 mg HPMC. In the case of pH modifier addition, the constant quantity of HPMC was performed because it was a matrix-forming agent in the tablets. Sodium chloride, citric acid, or magnesium hydroxide was added in the content of 5, 10, or 20% (w/w) of the tablet weight (200 mg), the tablet weights being 210, 220, or 240 mg, respectively. Magnesium stearate (1%, w/w, of the tablet weight) was used as a lubricant. The NCT-MAS complexes were mixed with HPMC and a pH modifier in a rotomixer for 3 min; magnesium stearate was then blended with the mixture for 1 min before tableting. The mixtures were filled into 10-mm flat-faced punches and dies, and then a 23-MPa compression pressure was applied with a hydrostatic press (model 3126, Shimadzu) without holding time. The resulting tablets were stored in a desiccator prior to use.
Characterization of NCT-MAS Complex-Loaded HPMC Tablets
Thickness and Hardness
The thicknesses of the tablets were measured using a Vernier caliper (Mitutoyo, Japan). The hardness of the tablets was measured with a Stokes tablet hardness tester.
In Vitro Release Studies
NCT release of the NCT-MAS complex-loaded HPMC tablets was studied using two apparatuses. NCT released from the whole tablets was tested using a USP dissolution apparatus 1 (basket method, VanKel 7000, USA). The tablets were placed into the basket with a rotation speed of 50 rpm. The release medium was 500 ml of pH 6 phosphate buffer, and the temperature was controlled at 37.0±0.5°C. Seven-milliliter samples were collected and replaced with fresh medium at various time intervals. The amount of NCT released was analyzed using a UV-Visible spectrophotometer (Shimadzu UV1201) at a wavelength of 259 nm.
Unidirectional NCT release of the tablets was characterized using a modified USP dissolution apparatus 2 that was reported previously (17) . Briefly, the distance between the paddle and vessel bottom was set to 1 cm, and the dissolution medium used was 300 ml of pH 6 phosphate buffer at 37.0± 0.5°C. A cellulose acetate membrane (pore size=0.45 μm), which had been hydrated in pH 6 phosphate buffer overnight, was tightly attached at the lowest end of a polypropylene tube (inner diameter=1.8 cm) using a nylon cable tie. This tube was vertically placed in a dissolution vessel, and the distance between the tube and the vessel wall was approximately 1.8 cm. The end of the tube was adjusted so that the membrane was wetted and in contact with the medium. The tablets were placed into the tube and wetted using 2 ml of pH 6 phosphate buffer. The rotation speed of the paddle was set to 50 rpm. Samples (7 ml) were collected and replaced with fresh medium at various time intervals. The amount of NCT released was analyzed using HPLC.
In Vitro Permeation Studies
Unidirectional NCT permeation of the tablets was also performed using a modified USP dissolution apparatus 2. Porcine esophageal mucosa was employed in this study because it had a lipid composition similar to porcine buccal mucosa, but a simpler preparation method (19) . Esophageal mucosa of a crossbred pig (hybrid types of Duroc Jersey-Landrace-Large White) weighing 80-100 kg was obtained from a local slaughterhouse (Non Muang Village, Khon Kaen, Thailand). The porcine esophageal tube was opened longitudinally and immersed in 0.9% sodium chloride at 60°C for 1 min (19, 20) . The epithelium was then peeled away from the connective tissue and stored at −20°C. The frozen mucosal membranes were brought to room temperature by immersion in pH 7.4 isotonic phosphate buffer for 15 min. The mucosal membrane was then mounted and tightly attached to the end of a polypropylene tube. The dissolution vessel contained 300 ml of pH 7.4 isotonic phosphate buffer at 37.0±0.5°C; the methods and experimental conditions were the same as the previous release testing.
Analysis of NCT Release and Permeation
The release mechanisms of NCT released from the whole tablet and the unidirectional tablet were analyzed using a power law (21, 22) , as shown in Eqs. 1 and 2, respectively, as follows:
where M t /M ∞ is the fractional NCT release at time t, k is the kinetic constant, and n is the release exponent indicative of the drug release mechanism. A release exponent of n=0.5 indicates a diffusion-controlled drug release (Fickian diffusion), whereas a release exponent of n=1 corresponds to a polymer swelling/erosion-controlled release mechanism. Thus, the release exponents between these two extreme values indicate a so-called anomalous transport, which is a complex transport mechanism that is a mixture of both drug diffusion and swelling/erosion of polymer. The NCT release and permeation rates of the tablets were analyzed using both zero-order and Higuchi models (23) , which can be expressed as Eqs. 3 and 4, respectively, as follows:
where Q is the amount of NCT released, t is time, and K 0 and K H are the zero-order and Higuchi release rates, respectively.
Measurement of Mucoadhesive Properties
The mucoadhesive properties of the tablets were measured using a texture analyzer (TA.XT plus, Stable Micro Systems, UK) with a 50-N load cell equipped with a bioadhesive test rig.
The tablet was attached to a 10-mm diameter cylindrical probe using a two-sided adhesive tape. Esophageal mucosa of pig was also obtained from a local slaughterhouse (Non Muang Village, Khon Kaen, Thailand). The mucosal membrane from the porcine esophagus (approximately 2×2 cm), without heat treatment and elimination of the connective tissue that had been hydrated with pH 7.4 isotonic phosphate buffer for 20 min, was placed on the stage of the bioadhesive holder and gently blotted with tissue paper to remove excess water on the surface of the mucosal membrane. Next, 200 μl of pH 6 phosphate buffer was pipetted onto the membrane surface before testing. The probe and attached tablet were moved down at a constant speed of 1 mm s −1 with 0.5 N contact force and 2 min contact time. Immediately afterwards, the probe was moved upwards with a constant speed of 0.5 mm s −1 . The relationship between the force and tablet displacement was plotted. The maximum detachment force (F max ) and work of adhesion (W ad , the area under the force versus distance curve) were calculated using the Texture Exponent 32 program, version 4.0.9.0 (Stable Micro Systems).
HPLC for NCT Analysis
The NCT concentration of the samples from release and permeation testing was determined using HPLC (Perkin Elmer Series, USA). Reversed-phase HPLC using a C-18 column (Waters Spherisorb® S5 ODS2, 5-μm particle size, 4.6 ×250 mm, Ireland) connected to a guard column was employed. The mixture of 0.05 M sodium acetate/methanol/ triethylamine in the ratio of 88:12:0.5 by volume was used as a mobile phase, and the final pH of the mobile phase was adjusted to 4.2 with glacial acetic acid. The flow rate of the mobile phase was 1 ml min -1 , and the detector was a UVVisible detector at a wavelength of 259 nm. The retention time of NCT was approximately 7.0 min. Under these conditions, good linearity and reproducibility were shown over the range 1.0-100.0 μg ml -1 NCT.
Statistical Analysis
One-way ANOVA with the least significant difference test for multiple comparisons was performed using SPSS program for MS Windows, release 11.5 (SPSS Thailand Co., Ltd., Bangkok, Thailand), to assess the statistical significance of physical properties as well as NCT release and permeation rate of the tablets. The significance of the difference was determined at a 95% confident limit (α=0.5) and considered to be significant at a level of P<0.05.
RESULTS AND DISCUSSION
Characteristics of NCT-MAS Complexes and HPMC
The size of NCT-MAS complex particles was 94.03± 1.28 μm (n=3) and the NCT content was 13.20±0.04%, w/w (n=3). The particle size of HPMC with different viscosity grades is listed in Table I . The MV-HPMC showed the smallest particle size of 75.7 μm, whereas the particle sizes of the LV-HPMC and HV-HPMC were over the range of 96.2-106.8 μm. In the viscosity determination, the relationship between shear stress and shear rate provided good linearity, indicating Newtonian flow. Therefore, the slope of such a Particle size of HPMC powder was measured using a laser diffraction particle size analyzer. Of the HPMC dispersion, 2% (w/v) was used for viscosity determination at 32±1°C a Data are the mean±SD, n=3 b Data are the mean±SD, n=5
relationship was the viscosity of HPMC dispersion. The viscosity of HPMC dispersions, as shown in Table I , was less than that claimed by the manufacturer due to the higher temperature used in this study.
Effect of HPMC Viscosity Grade on Characteristics of NCT-MAS Complex-Loaded Tablets
The thickness and hardness of the tablets that were prepared using different viscosity grades of HPMC are listed in Table I . The HPMC viscosity grade did not affect the thickness of the tablets that were prepared. On the other hand, the hardness of the tablets statistically increased (P<0.05) with increasing viscosity grade of HPMC, and the use of HV-HPMC presented the highest tablet hardness. This result was in agreement with a previous study (24) . The tablets gave acceptable physical properties because HPMC had a good compressibility and showed plastic deformation under compression with small elastic recovery when using low compression speed (24) , which was similar to the use of hydrostatic press for tableting that had a slow speed for tablet compression.
The NCT release of the whole tablets is presented in Fig. 1a , and the NCT release parameters are listed in Table I . It can be observed that NCT release was not related to the viscosity grade of the HPMC used. The release exponent, n value, of the MV-HPMC tablets was more than unity, whereas those of the LV-and HV-HPMC tablets were in the range of 0.61-0.77. This result suggested that the NCT release of the MV-HPMC tablets was controlled by a matrix erosion mechanism, whereas both NCT diffusion and matrix erosion controlled the release of the LV-HPMC and HV-HPMC tablets. The NCT release data of the MV-HPMC tablets showed good correlation when using the zero-order equation with an R 2 higher than 0.99 (Table I ). In contrast, the Higuchi model presented a better determination coefficient (R 2 ) than the zero-order model for the LV-and HV-HPMC tablets. Furthermore, the MV-HPMC tablets provided the highest K 0 and K H values. The LV-HPMC tablets gave lower K 0 and K H values than the HV-HPMC tablets. Generally, increasing the viscosity grade of HPMC caused slower drug release from the HPMC tablets (25) due to a higher viscosity gel barrier that was created around the tablets when exposed to the dissolution medium. This phenomenon could be explained for only the NCT release of the LV-and HV-HPMC tablets, but not for the MV-HPMC tablets. The NCT release of the LV-and HV-HPMC tablets mainly followed a matrix diffusion-controlled mechanism, indicating that a continuous gel barrier could be formed around the tablets. In the case of the MV-HPMC tablets, an incomplete swelling of MV-HPMC particles may have occurred because the fracture of some NCT-MAS complex particles, which have a larger particle size than the MV-HPMC powder, could cover the surface of the MV-HPMC particles that underwent plastic deformation under compression. Covering the surface of these particles resulted in a slow water uptake and swelling of the MV-HPMC particles to form a continuous gel barrier around the tablets. An incomplete gel formation may lead to rapid erosion and NCT release of the tablets. Unidirectional release and permeation of NCT from NCT-MAS complex-loaded HPMC tablets using different viscosity grades of HPMC are shown in Fig. 1b, c, respectively . The release and permeation parameters of NCT are listed in Table I . The release exponents of all tablets were over the range of 0.54-0.60. The NCT release rate computed using the Higuchi model gave a better determination coefficient than that using the zero-order model. For these results, it was indicated that the NCT release was controlled by a matrix diffusion-controlled mechanism with only a small impact on polymer swelling, which can be observed from the value of the release exponent that was slightly higher than 0.5. The NCT release rate of the tablets using different viscosity grades of HPMC was related to the viscosity value of 2% (w/v) HPMC that could be represented by the viscosity of the gel barrier that formed surrounding the swollen tablets (Fig. 2) . The NCT release rate tended to decrease with increasing viscosity of HPMC. This result was in contrast with the NCT release of the whole tablets because erosion of the swollen tablets did not involve the unidirectional release of NCT. Therefore, the gel barrier could be completely created on the surface of the swollen tablets that were located on the cellulose acetate membrane. Apart from the unidirectional release, the NCT permeation rate could be computed with both the Higuchi and the zero-order models. It can be observed that the NCT permeation rate did not change significantly when increasing the viscosity value of HPMC (Fig. 2) . This result suggested that the NCT diffusion across the mucosal membrane was the rate-limiting step of the NCT permeation.
The mucoadhesive properties, F max and W ad , of the NCT-MAS complex-loaded matrix tablets when using different viscosity grades of HPMC are presented in Table I . It was found that the viscosity grade of HPMC did not influence the F max and W ad values on porcine esophageal mucosa. HPMC is a nonionic polymer that possesses a mucoadhesive property (1, 26) because it contains numerous hydroxyl groups that can form hydrogen bonds. It has been proposed that the interaction between the mucus on the mucosal membrane and hydrophilic polymers occurs by physical entanglement and chemical interactions, such as hydrogen bonding (26) .
Due to the mucoadhesive properties of HPMC and NCT-MAS complexes (17) , the NCT-MAS complex-loaded HPMC tablets adhered sufficiently onto the mucosal membrane.
Effect of pH Modifier on the Characteristics of NCT-MAS Complex-Loaded HPMC Tablets
The NCT-MAS complex-loaded MV-HPMV tablet was selected as a control tablet for investigating the effect of pH modifiers, including sodium chloride, citric acid, and magnesium hydroxide, on the characteristics of the tablets. Incorporation of pH modifiers caused a change in the thickness and hardness of the tablets (Table II) . The tablet thickness seemed to increase with increasing amounts of pH modifier. Incorporation of 5-20% sodium chloride did not affect the hardness of the tablets, whereas 20% citric acid caused a statistical decrease in tablet hardness (P<0.05), but 5-10% citric acid caused no change. On the other hand, a small amount of magnesium hydroxide brought about a significant decrease in the tablet hardness (P<0.05), and a similar tablet hardness was found by further increasing the magnesium hydroxide content (10 and 20%) in the tablets. It is possible to explain that sodium chloride possessed an intermediate plastic deformation with a low degree of fragmentation under the compression pressure (27, 28) , which was similar to HPMC. Incorporation of sodium chloride into HPMC did not affect deformation and interparticle bonding, leading to no change in the tablet hardness when sodium chloride was added. Conversely, the highest quantity of citric acid significantly decreased the tablet hardness because large amounts of citric acid may reduce interparticle bonding of HPMC. Magnesium hydroxide, an inorganic material, possessed hard and brittle particles (28) that deformation by fragmentation occurred under compression pressure. The fragmentation of magnesium hydroxide to small particles could obviously reduce interparticle bonding and interlocking of HPMC particles, resulting in a decrease in the tablet hardness.
The effect of pH modifiers on NCT release of whole tablets is presented in Fig. 3 , and the release exponent of NCT is shown in Fig. 4a . As observed from the NCT release profiles, sodium chloride and citric acid could accelerate NCT release (Fig. 3a, b, respectively) , but a retardation of NCT release was found in the tablets containing magnesium hydroxide (Fig. 3c) . The release exponents of the tablets containing varying quantities of sodium chloride and citric acid were higher than unity and similar to the control tablets (Fig. 4a) . This finding indicated that a matrix erosion mechanism was the predominant factor in controlling NCT release. The NCT release rates of the tablets containing various contents of sodium chloride and citric acid are presented in Table II . The NCT release of the tablets containing sodium chloride showed a good fit with the zero-order model (R 2 higher than 0.98), whereas neither the Higuchi model nor the zero-order model could fit with that of the tablets containing citric acid, which could be observed from a determination coefficient that was in the range of 0.91-0.97. However, it was clear that sodium chloride and citric acid could promote the release of NCT from the tablets, but the extent of release did not correlate with the amount of sodium chloride and citric acid that was added. It is possible that the high water solubility of sodium chloride and citric acid could accelerate the swelling and erosion of the HPMC tablets, which could cause matrix erosion of the tablets and a higher NCT release rate compared to the control tablets. Moreover, the high water solubility of citric acid, 1 g in 1.69 ml at 20°C (29) , gave a greater NCT release rate than sodium chloride, which has a water solubility of 1 g in 2.78 ml (29) . In contrast to the tablets containing magnesium hydroxide, the release exponent was found to be in the range of 0.58-0.62, even though only a low content of magnesium hydroxide was added to the tablets. This range led to a good fit for NCT release with the Higuchi model (Table II) . The NCT release rate of the tablets with magnesium hydroxide was statistically lower (P<0.05) than that of the control tablets. This finding suggested that incorporating magnesium hydroxide could reinforce and maintain the matrix of the tablets, which could result from an inorganic gel formation of magnesium hydroxide in the tablet matrix after being exposed to the dissolution medium, leading to matrix erosion retardation and a matrix diffusion-controlled mechanism of NCT release.
The effect of sodium chloride, citric acid, and magnesium hydroxide on unidirectional NCT release from the tablets is shown in Fig. 5a -c, respectively, and the release exponent is summarized in Fig. 4b . It can be observed that the release exponent of all tablets was over the range of 0.55-0.69, which is indicative of a drug diffusion-and polymer swelling-controlled mechanism. The addition of pH modifiers did not influence the NCT release kinetics. However, the release exponent of the unidirectional NCT release was obviously lower than that of the NCT release of the whole tablets, particularly the control tablets and the tablets containing sodium chloride and citric acid (Fig. 4a) , because of the limitation on the erosion process of the swollen matrix tablets when using a cellulose acetate membrane. The NCT release rates of the tablets are listed in Table III . The Higuchi model gave a better fit with the release of NCT from the unidirectional test than the zero-order model. The addition of sodium chloride did not remarkably affect the release of NCT when compared with the control tablets. This result suggested that sodium ions dissolved in the swollen tablets could not accelerate an ion exchange process with NCT that was intercalated in the silicate layers of MAS. On the other hand, 10 and 20% citric acid could significantly increase the NCT release rate (P<0.05) when compared with the control tablets. This result was similar to the previous report (30) . This similarity was due to the higher water solubility of citric acid that could allow it to be rapidly dissolved and leach out from the swollen tablets. This leaching led to a decrease in the tortuosity of the swollen matrix and resulted in faster NCT release. In the case of magnesium hydroxide, a significant retardation of NCT release (P<0.05) was found in comparison with the control tablets, but was not proportional to the content of magnesium aluminum silicate added. This result suggested that the formation of an inorganic gel of magnesium hydroxide could reinforce and increase the tortuosity of the swollen matrix, resulting in slower diffusion and release of NCT from the tablets.
The unidirectional permeation of the tablets containing various amounts of sodium chloride, citric acid, and magnesium hydroxide was also investigated, as shown in Fig. 6a-c , respectively. The NCT permeation rates were calculated using the Higuchi and zero-order models and are reported in Table III . The NCT permeation could be described using the zero-order model rather than the Higuchi model because of a greater determination coefficient value, suggesting that the NCT diffusion across the mucosal membrane was the ratelimiting step of the permeation. The tablets containing sodium chloride gave a similar NCT permeation rate when compared with the control tablets. The incorporation of citric acid gave a significantly lower NCT permeation rate (P<0.05) than the control tablets, and 20% citric acid gave the highest retardation effect (P<0.05). Citric acid could enhance the NCT release from the swollen matrix, but NCT molecules that were released did not readily permeate across the mucosal membrane because NCT in the protonated form under acidic conditions has a low permeability for the mucosal membrane (8, 9) . On the other hand, magnesium hydroxide provided a statistical enhancement in NCT permeation (P<0.05) when compared with the control tablets, even through a small quantity (5%) of magnesium hydroxide was used. The basic microenvironmental pH of the swollen tablets containing magnesium hydroxide could prevent the protonation of NCT, instead giving a neutral species that showed increased permeability across the mucosal membrane, leading to an enhanced permeation of NCT. Additionally, the use of 10% magnesium hydroxide showed the highest NCT permeation rate, suggesting that microenvironmental basic pH in the swollen tablets could be sufficient for inducing the formation of neutral NCT. Curiously, the addition of more than 10% magnesium hydroxide did not enhance NCT permeation.
The mucoadhesive properties of the tablets containing pH modifiers are listed in Table III . The pH modifiers that were added did not affect the F max and W ad values of the tablets, which suggested that the MV-HPMC particles still had swelling properties on the tablet surface that incorporated with the particles of pH modifiers. The rapid swelling and disentanglement of MV-HPMC molecules could interact with mucin on the surface of the porcine esophageal mucosa, which resulted in similar mucoadhesive properties when adding a pH modifier to the tablets.
Rate Control Studies of the Matrix Tablets
In the development of the drug delivery system, the delivery of drug to circulating blood must be controlled by the drug delivery system that is administered, which is not controlled by the mucosal membrane. Thus, the rate control studies of the NCT-MAS complex-loaded matrix tablets were modified from the method that was reported previously (31, 32) . The fractional rate control provided by the device (buccal tablet) and the mucosal membrane could be computed using the NCT release and permeation data from the unidirectional testing and the following equations:
Fractional control by device where A P is the amount of NCT that permeates across the mucosal membrane at 8 h and A R is the amount of NCT released through the cellulose acetate membrane at 8 h. These equations are based on the same testing method of the unidirectional NCT release and permeation. The fractional control by the buccal tablets is presented in Fig. 7 . In the evaluation of different HPMC viscosity grades, the tablets using HV-HPMC gave a remarkably greater F d value than those using LV-and MV-HPMC. This result suggested that an increase in swollen gel viscosity could retard and control NCT release onto the mucosal membrane before NCT permeation, leading to a decrease in NCT permeation. Moreover, incorporation of sodium chloride did not influence the F d value when compared with the tablets using MV-HPMC (the control tablet). The reduction in the F d value was found when adding citric acid because of the lower permeability of the protonated NCT that formed on the mucosal membrane. On the other hand, the F d values of the tablets containing magnesium hydroxide were close to unity. This result indicated that the NCT permeation across the mucosal membrane was identical to the release of NCT from the tablets because of the formation of neutral NCT under basic pH.
CONCLUSION
The NCT-MAS complex-loaded HPMC tablets were successfully prepared by the direct compression method. The higher the viscosity grade of HPMC used in the tablets, the lower was the unidirectional NCT release rate. The unidirectional NCT permeation was not affected by the viscosity grade of HPMC. The incorporation of magnesium hydroxide could retard NCT release, whereas the enhancement of unidirectional NCT release was found in the tablets containing citric acid. Citric acid could inhibit the NCT permeation rate due to the formation of protonated NCT under acidic pH. Conversely, the NCT permeation rate increased with the use of magnesium hydroxide, resulting from a neutral NCT species that formed under basic pH. The swollen HPMC tablets, with or without pH modifiers, showed mucoadhesive properties toward the mucosal membrane. Furthermore, the buccal delivery of NCT could be controlled mainly by the matrix tablets with the addition of magnesium hydroxide. This study suggests that the NCT-MAS complex-loaded HPMC tablets containing magnesium hydroxide presented a promising buccal delivery system of NCT.
